Abstract. Underwater counter-rotation propeller non-cavitation noise has an obvious modulation characteristic which is due to the interaction of flow and blade, the modulation characteristic is critical for underwater target identification. Based on generalized acoustic analogy theory, a semi-empirical modulation model has been presented in this paper to describe its non-cavitation noise characteristics. Theoretical analysis has been verified by numerical simulation and cavitation tunnel experiment results. The numerical simulation has shown the directivity characteristic of typical modulated line-spectra. The experiment results have agreed with theoretical values. The modulation model of counter-rotation propeller is beneficial to the prediction modulation characteristics and identification of underwater high-speed vehicles.
Introduction
The radiated noise characteristics of underwater high-speed vehicle are important research field in underwater acoustic warfare which is a key factor for detection and recognition of underwater high-speed vehicles. For medium and high speed underwater vehicle, the propulsor will be the main noise source. The counter-rotation propeller is a good propulsor which is commonly used to drive the underwater high speed vehicles. Theoretically analysis of counter-rotation propeller radiated noise mechanics is still a challenging work and previous works mainly focus on the aviation field. A frequency domain model and a broad-band spectrum model of its radiation noise are presented by Hanson [1] and Blandeau [2] . Additional improvement to Hanson's model is presented by Parry with application in engineering prediction and Zhu [3] with application in underwater counter-rotation propeller line-spectrum prediction. To our knowledge, no modulation models of underwater counter-rotation propeller radiation noise have been published in the open literature. This paper presents a semi-empirical modulation model for underwater counter-rotation propeller non-cavitation noise. Additional numerical simulation and experiment are presented to verify theoretically analysis. Finally, several conclusions are presented in this paper.
Sound Pressure Spectrum of Non-cavitation Noise on Counter-rotation Propeller
From the generalized acoustic analogy equation [4] , the radiation noise of underwater propeller can be described by monopole, dipole and quadrupole, as shown in the following equation.
Where v n and f i take the normal direction as positive of the moving object outer surface, c 0 is the sound speed of water, G denotes a spatial Green function, T ij is the lighthill stress tensor, ，  is the medium density perturbation,  is the time variable for the sound source, () s  is the integration area of sound source, ()  is the volume of the space other than the propeller. We focus on the generation and modulation mechanism of underwater counter-rotation propeller non-cavitation noise. The unsteady force acting on the blade is the main noise source. Through the analysis of the characteristics of the flow field, it can be obtained that the non-cavitation radiation noise of underwater counter-rotation propeller mainly generated by the following seven kinds of effects: Interaction between non-uniform inflow and front propeller leading edge, the effect of large scale vortices near the blade, the effect of secondary flow on the rear blade, the effect of unsteady pressure on the front blade which is formed by the post-pulp suction of rear blade, the interaction between eddy vortex of the front blade and leading edge of rear blade, the interaction between trailing edge shedding vortex of the front blade and leading edge of rear blade and the interaction between hub shedding vortex of the front blade and the rear blade. These seven kinds of effects can be easily divided into two categories which are interference effect and circumferential harmonics flow effect. As shown in Fig. 1 . The far-field sound pressure spectrum of rear propeller which caused by the interference of the front propeller can be written as follow, the detailed derivation refer to [5] . 
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Semi-empirical Modulation Model of Counter-rotation Propeller in Non-cavitation Condition
Radiated noise modulation characteristic has always been very beneficial to describe underwater target. The semi-empirical localized time-varying power spectrum for underwater counter-rotation propeller can be described as follow. Only consider the modulation characteristics of the rear propeller which caused by the interference of the front propeller. The proportional coefficient, modulation function and modulation depth function can be written as follow. 
Numerical Simulation and Experiment Results
As shown in Fig. 2 , the directivity characteristic of typical modulated line-spectra are calculated when the rotation speed is 14rps. It can be seen that the modulated line-spectrum Table 1 . The installation diagram of model is shown in Fig.  3 . It can be seen from the dotted lines in these figures that none modulation effect exist in the radiation noise with the absence of counter-rotation propeller, however, blade passing frequency, harmonics of blade passing frequency, shaft frequency and combination of them are the mainly modulated line-spectrum of counter-rotation propeller radiated noise. It is found that the difference between the theoretical values and the experiment values of typical modulated line-spectrum are less than 25% which means that the semi-empirical modulation model can predicate the modulation depth of typical modulated line-spectrum.
Summary
In this paper, a semi-empirical modulation model of underwater counter-rotation propeller is deduced by the generalized acoustic analogy method. Then the modulation mechanism is presented and verified by experiment. The results of experiment and numerical simulation have verified the semi-empirical modulation model. The semi-empirical modulation mechanism is beneficial for location, recognition and radiation noise simulation of underwater high-speed vehicles.
